Two-year-old tiger puffer Takifugu rubripes, persistently infected with the monoge nean Heterobothrium okamotoi for longer than one year, were cohabitated in an aquarium with one year-old tigerpuffer with no previous record of infection (naive fish) for 70 days. The infection level in the naive fish rose sharply, and the intensity of infection reached its highest on day 30 (estimated 16,700 parasites on the gills per fish). In the persistently infected fish, on the other hand, no change was recorded in the infection level, which was much lower than that of the naive fish. Based on the compositions of parasite developmental stages in the two fish groups, we hypothesize that the protection mechanism found among the persistently infected fish functioned in at least three occasions: firstly when the oncomiracidium settled on the gills, secondly when the parasite developed from a worm without clamps to one with a pair of clamps, and thirdly when it migrated and grew on the branchial cavity wall. The persistently infected fish produced anti -Heterobothrium antibodies, while no antibody was detected in the naive fish. These results sug gest that a persistent infection induces protection against H. okamotoi, but the factors responsible for effective prevention against reinfection remain to be clarified.
ABSTRACT-Two-year-old tiger puffer Takifugu rubripes, persistently infected with the monoge nean Heterobothrium okamotoi for longer than one year, were cohabitated in an aquarium with one year-old tigerpuffer with no previous record of infection (naive fish) for 70 days. The infection level in the naive fish rose sharply, and the intensity of infection reached its highest on day 30 (estimated 16,700 parasites on the gills per fish). In the persistently infected fish, on the other hand, no change was recorded in the infection level, which was much lower than that of the naive fish. Based on the compositions of parasite developmental stages in the two fish groups, we hypothesize that the protection mechanism found among the persistently infected fish functioned in at least three occasions: firstly when the oncomiracidium settled on the gills, secondly when the parasite developed from a worm without clamps to one with a pair of clamps, and thirdly when it migrated and grew on the branchial cavity wall. The persistently infected fish produced anti -Heterobothrium antibodies, while no antibody was detected in the naive fish. These results sug gest that a persistent infection induces protection against H. okamotoi, but the factors responsible for effective prevention against reinfection remain to be clarified. The infection of the diclidophorid monogenean Heterobothrium okamotoi is one of the most serious dis eases of cultured tiger puffer Takifugu rubripes (see Okamoto, 1963; Ogawa and Inouye, 1997a; Ogawa, 2002) . This parasite first infects the gills of tiger puffer, and then moves to the branchial cavity wall for matura tion (Ogawa and Inoue, 1997a) .
The parasite's attach ment to the gills provokes negligible responses to the host, while, on the branchial cavity wall, the posterior part of the parasite body is covered by host's proliferated inflammatory tissues (Ogawa and Inouye, 1997b) . Infected fish produce anti-Heterobothrium antibodies (Wang et al., 1997) . However, it is still not clear whether or not such host responses are effective to eliminate the parasite.
In the culture of tiger puffer, bathing fish in hydrogen peroxide-added seawater is used to remove immature H. okamotoi on the gills (Ogawa and Yokoyama, 1998) .
Recently a benzimidazole derivative, febantel, was ap proved for oral administration to fish to remove not only immature worms on the gills but also adults on the bran chial cavity wall (Ogawa, 2004) . These methods can not completely eradicate all adult parasites from the branchial cavity wall. On the other hand, it is known that some tiger puffers acquire protection against H. okamotoi after a persistent infection. Such fish remain infected, but apparently regulate the infection to a low level. However, this phenomenon has not yet been examined in detail.
In this study, tiger puffers persistently infected with H. okamotoi for longer than one year were cohabitated with fish without any previous record of infection (naive fish). We compared the infection level and the anti-H. okamotoi antibody level in the serum between the two fish groups to examine if tiger puffer acquires immunity and resistance against reinfection with H. okamotoi.
Materials and Methods
Heterobothrium-infected tiger puffer
In July 1997, tiger puffer fry (mean body weight 1.1 g; n=ca 12,000) were obtained from a hatchery in Kumamoto Prefecture and maintained in an aquarium with sand-filtered running sea water at the Kumamoto Prefectural Fisheries Research Center (KPFRC). Within two months, they became infected with H. okamotoi. Since then, the mean abundance (mean no. of parasites/ no. of fish examined) varied significantly until October 1998: 1.7 (110 fish examined) in Septem ber 1997, 143.9 in June 1998 (115 fish examined) and 36.9 in October 1998 (10 fish examined). Though the cumulative mortality was 15% from September 1997 to May 1998, half of the remaining fish were estimated to have died of vibriosis from June 1998 to October 1998. No marked mortality due to H. okamotoi infection was noticed during the culture period. Since fish had always been infected with H. okamotoi since June 1998, they were designated as persistently infected fish in the cohabitation experiment described below. The number of parasites on the right third gill were counted as follows. First, the medium (80% ethanol), in which the gills had been stored for at least 24 h, was changed to glycerol-water (glycerol 1: distilled water 1). The gill arch was cut off from the gills. Then, a set of inner and outer gill filaments was separated and the number of parasite on each set of gill filaments was counted under a stereomicroscope.
Parasites on the gills are all immature (Ogawa and Inouye, 1997b) , and their developmental stages were divided into five stages: stage L0 for parasites with no or undeveloped clamps on the haptor, stages L1, L2, L3 and L4 for one, two, three and four pairs of developed clamps, respectively. Mature parasites on the branchial cavity wall were also counted using a stereomicroscope.
To estimate the number of parasites on the three sets of left and right gills, the number on the right third gill, counted as above, were multiplied by six, because no preference for a particular infection site on the gill has been demonstrated (Ogawa and Inouye, 1997a; Chigasaki et al., 2000) . ELISA The anti-H. okamotoi antibody in the serum was measured by ELISA according to Wang et al. (1997) . A 9 6-well polystyrene microtiter plate (Nunc, Denmark) (Fig.  1 a, b) . 
Adult parasites on the branchial cavity wall
In naive fish, mature parasites were found only on day 70; three out of six fish were infected, with the inten sity of infection ranging from two to eight ( Fig. 2a ). All Results are means with standard deviations using six fish. Bars with the different letters mean significant differences with each other (p < 0.05) the persistently infected fish were infected, and there was no significant change over time in the intensity of infection (p > 0.05) (Fig. 2b) , as was the case in imma ture parasites on the gills. The intensity of infection ranged widely (2-113) with a mean of 31.3 per fish. No young adults, indicative of recent migrants to the bran chial cavity wall, were found on the branchial cavity wall.
Production of anti-H. okamotoi antibodies
There was no change in absorbance values in naive fish from day 0 until day 70 (p > 0.05), suggesting that no anti-H.okamotoi antibody was produced in naive fish during the entire experiment period of 70 days. However, the absorbance values in the persistently infected fish were always significantly higher than those of the naive fish (p < 0.05), irrespective of the intensity of infection (Fig. 3) . No significant change has been recorded in the absorbance in the persistently infected fish for 70 days (p > 0.05).
Discussion
There was a striking difference in the intensity of infection with Heterobothrium okamotoi between the two groups of cohabitants in the present study. In the twoyear-old puffers, the intensity of infection did not change throughout the experiment period, though there were large variations among individuals.
In contrast, the uninfected, one-year-old fish were susceptible to infec tion and the intensity became much higher than that of the two-year-old fish during the first half of the experi ment period. This suggests that the persistently infected, two-year-old fish had acquired protection against infection. The nature of this acquired protection can be interpreted in three ways. Firstly, the number of L0 in the persistently infected fish was much lower than that of the naive fish except on day 0 (only three h after the start of cohabitation). This suggests that the persis tently infected fish could prevent the oncomiracidial settlement on the gills. Secondly, the number of imma ture worms with clamps (L1-L4) were always much lower than that of L0 in the persistently infected fish, con stituting only an average of 3.8% of all the worms col lected from the gills. In contrast, in the naive fish on day 70 when all the immature developmental stages were present on the gills, the ratio of L1-L4 to L0 was ten times higher than that of the persistently infected fish. This result suggests that most of L0 did not grow to L1 on the gills of the persistently infected fish. Thirdly, on the branchial cavity wall, no young adults were found in the persistently infected fish. This indi cates that only limited number of L4 could successfully settle on the branchial cavity wall. Thus, the persis tently infected fish may have acquired protection against H. okamotoi infection both on the gills and on the bran chial cavity wall. There have been several reports about acquired protection in fish against monopisthocotylid monogene ans (see Buchmann and Lindenstrom, 2002) . In con trast, little is known about the acquired protection in fish against polyopisthocotylid monogenean infections. Experimental data showed that the rockfish Sebastes schlegeli was able to decrease the number of the polyopisthocotylid monogenean Microcotyle sebastis after antigen administration through intraperitoneal injec tion and immersion or by intraperitoneal injection of Freund's complete adjuvant (FCA) (Kim et al., 2000) . Although a clear relationship between the antibody lev els against M. sebastis antigens and the degree of pro tection against M. sebastis infection was not shown, as the antibody level was not measured, it is likely that spe cific immune responses contributed to the protection. Besides, partial protection through injection of FCA indicates that non-specific immune responses were also involved in this acquired immunity. There is another report on the acquired protection in fish against infection with polyopisthocotylid monogeneans.
Rainbow trout Oncorhynchus mykiss intraperitoneally injected with extracts from Discocotyle sagittata showed a reduced intensity of infection after challenge with its oncomiracidia (Rubio-Godoy et al., 2003) . There was a negative correlation between the number of parasites established and the antibody titers. The present study presents further evidence of fish immunity against polyopisthocotylean infections.
In particular, our experimental results demonstrate that tiger puffer can acquire protection against H. okamotoi through persis tent infection with the parasite.
In the present study, we measured the antibody level against the H. okamotoi antigen. In the naive fish, regardless of high intensity of infection and long term of infection, no anti-Heterobothrium antibody was detected in the serum, since no increase in the absorbance was recorded from day 0 until day 70. In contrast, all the persistently infected fish had much higher absorbance values than those in the naive fish. Antibody formation is initiated only after the parasite induces host inflamma tory responses in the branchial cavity wall tissue (Nakane, 2000) . In this study, only half of the naive fish had parasites on the branchial cavity wall at the end of the experiment. The experiment was also conducted at low temperatures and it may take longer for the naive fish to have detectable levels of antibodies. It is not known whether rockfish and rainbow trout produce antibody against M. sebastis and D. sagittata, respectively, in natural infections. However, experimental data suggest that antibodies produced by rock fish against M. sebastis and by rainbow trout against D. sagittata play a role in protection against infections by these polyopisthocotylid monogeneans (Kim et al., 2000; Rubio-Godoy et al., 2003) . As these monogeneans are gill parasites throughout their lives, it is possible that antibodies produced by tiger puffer against H. okamotoi are similarly involved in protection against infection on the gills.
Besides, a non-specific immuno-stimulant like FCA can suppress M. sebastis infection of rockfish (Kim et al., 2000) . Bondad-Reantaso et al. (1995) conducted experiments on the infection of Japanese flounder Paralichthys olivaceus with the benedeniid monogenean Neobenedenia girellae. They reported that fish, from which the benedeniids had been eradicated, had lower numbers and smaller size of parasites after an oncomiracidial challenge, compared with naive fish, but demonstrated that serum antibodies were not involved in this acquired immunity. Although they did not examine if cellular elements were involved in this host response, this was an example in which non-specific defense fac tors were responsible for apparent protection.
In this study, the infection level of H. okamotoi remained low in the persistently infected fish, while numerous parasites were observed in the naive fish. We hypothesize that there were at least three occasions when the persistently infected fish showed acquired immunity against the parasite; firstly when the parasite settled on the gills, secondly when it developed from L0 to L1 and thirdly when it grew on the branchial cavity wall. However, we could not specify what agents (specific antibody and/or non-specific defense factors such as complements, lysozyme, lectin, etc. in serum and/or mucus) function on each occasion. Further studies are needed to specify agents which contribute to the prevention of reinfection.
